ϩ excitation spectrum of N 2 O ϩ ions has been studied in the wavelength range of 278 -328 nm, where the parent N 2 O ϩ ions were state-selectively prepared at the X 2 ⌸ 1/2,3/2 (000) levels by ͓3ϩ1͔ multi-photon ionization of jet-cooled N 2 O molecules at 360.55 nm. The spectrum was attributed completely to the A 2 ⌺ ϩ ←X 2 ⌸ 3/2,1/2 (000) electronic transition of N 2 O ϩ . Totally 47 vibronic bands associated to 24 vibrational levels of the A 2 ⌺ ϩ state were identified in the present work, most of which were observed for the first time. The sufficient spectroscopic data made it possible to investigate the Fermi-resonance between the 1 and 2 vibrational modes at the A 2 ⌺ ϩ state. Based on the assignment, the spectral constants of the A 2 ⌺ ϩ state, such as vibrational frequencies, anharmonic constants, and Fermi interaction constant, were determined with relatively high reliability and precision.
I. INTRODUCTION
The N 2 O ϩ molecular ion plays an important role in the ionosphere as it is the intermediate in the reaction of O ϩ and N 2 , 1,2 and thus has been investigated by a lot of experimental techniques, such as fluorescence emission spectrum, [3] [4] [5] [6] [7] [8] [9] [10] fast ion beam laser spectroscopy ͑FIBLAS͒, [11] [12] [13] [14] [15] [16] laser induced fragment, 17 and photoelectron spectroscopy. 18 -20 Extensive studies have been performed to the electronic ground-state X 2 ⌸, and have revealed many complex spectroscopic features arising from various interactions, such as the spin-orbit splitting, Renner-Teller interactions, and the Fermi-resonance couplings in the X 2 ⌸ state. [3] [4] [5] 16, 21, 22 The first electronically excited state of N 2 O ϩ , A 2 ⌺ ϩ , however, has not been studied sufficiently and systematically compared to the electronic ground state. Up to now, the vibrational structure of A 2 ⌺ ϩ state has not yet been investigated in detail. Previous emission studies have showed that except for ground vibrational level, all the excited vibrational levels of A 2 ⌺ ϩ state undergo a predissociation process, therefore, only a limited number of the lowest vibrational levels have been investigated via fluorescence emission spectroscopy. [3] [4] [5] [6] [7] [8] [9] [10] Larzilliere et al. [11] [12] [13] [14] [15] [16] have investigated several lowest levels of the A 2 ⌺ ϩ state in detail with highly resolved rovibrational FIBLAS spectroscopy. Very recently, Ng and co-workers 18 performed a vacuum ultraviolet pulsed field ionization-photoelectron ͑PFI-PE͒ study, and have observed some new vibrational levels of the A 2 ⌺ ϩ state. Despite of extensive works regarding the X 2 ⌸ state and several lowest vibrational levels of the A 2 ⌺ ϩ state, there has been very few reports about the high vibrational levels of the A 2 ⌺ ϩ state, especially levels higher than the ͑300͒ level. Since the vibrational frequencies of the A 2 ⌺ ϩ state have the relations 3 ϳ2 1 ϳ4 2 as determined by several independent works, 3, 18, 19 Fermi-resonance couplings are expected to occur among vibrational levels (V 1 ,V 2 ,V 3 ), (V 1 Ϫ1,V 2 ϩ2,V 3 ) and (V 1 Ϫ2,V 2 ,V 3 ϩ1). However, the Fermiresonance interaction as well as the anharmonic effect of the A 2 ⌺ ϩ state have not yet been investigated, presumably due to the insufficiency of available spectroscopic data. In this study, we prepared N 2 O ϩ at the vibrational ground level of the X 2 ⌸ state through ͓3ϩ1͔ resonance-enhanced multiphoton resonant ionization ͑REMPI͒ of neutral N 2 O molecules, and excited the generated N 2 O ϩ ions to the A 2 ⌺ ϩ state with another laser. By monitoring the NO ϩ fragments from the dissociation of N 2 O ϩ (A 2 ⌺ ϩ ) and scanning the excitation laser in the wavelength range of 278 -328 nm, a photofragment excitation spectrum ͑PHOFEX͒ was obtained. The PHOFEX spectrum reveals many new vibronic bands, which were not observed in previous studies, therefore, makes the assignments more reliable, and enables us to determine the Fermi-resonance couplings as well as the spectral constants about the A 2 ⌺ ϩ state with relatively high precision.
II. EXPERIMENT
The experimental setup has been described in detail previously. 23 Briefly, the N 2 O ϩ ions were prepared by the frequency doubled output of a dye laser through ͓3ϩ1͔ REMPI of jet-cooled N 2 O molecules, and then were excited to the A 2 ⌺ ϩ electronic state by another dye laser. The photofragment ions, NO ϩ , were detected by a home-made timeof-flight ͑TOF͒ mass spectrometer.
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The jet-cooled N 2 O molecules were produced from supersonic expansion of N 2 O/He (20%) gas mixture through a pulsed nozzle with duration of 200 s and orifice diameter of 0.5 mm into a main vacuum chamber. The chamber was pumped by two turbo-molecule pumps ͑1500 l/s͒, which were backed up by two mechanical pumps ͑70 and 15 l/s, respectively͒. The stagnation pressure was kept at ϳ2 atm, and the operating pressures in the chamber was about 1ϫ10 Ϫ6 Torr. Two dye lasers ͑PRSC-LG-18 and PRSC-LG-24, Sirah͒, pumped simultaneously by the second harmonic output of a Nd:YAG laser ͑PRO-190, Spectra Physics͒, were employed in this experiment. The frequency doubled output of one dye laser, ϳ3 mJ/pulse, was used as the ionization light source to generate N 2 O ϩ (X 2 ⌸) ions by focusing perpendicularly on the N 2 O molecular beam with a quartz lens of f ϭ300 mm. The wavelength of the ionization laser was fixed at 360.55 nm which corresponds to the three photon resonant Rydberg transition of N 2 O, 3P
1 ⌸←←←X 1 ⌺. 24, 25 The frequency doubled output of another dye laser, ϳ1 mJ/pulse, counterpropagating with the ionization laser and focused with a quartz lens of f ϭ600 mm, was operated in the wavelength range of 278 -328 nm to excite N 2 O ϩ ions from the X 2 ⌸ state to the A 2 ⌺ ϩ state. The produced ions, including parent N 2 O ϩ ions and fragment NO ϩ ions, were detected with a home-made TOF mass spectrometer. The ion signals were amplified with a pre-amplifier, and the mass-resolved data were collected by averaging the amplified signals for selected mass species with boxcar averagers ͑Stanford SR250͒, and interfaced to a PC for data storage. During the experiment, the intensities of both lasers were monitored simultaneously with two photodiodes, and the wavelength of the excitation laser was calibrated simultaneously against the argon optogalvanic spectrum resulting in an overall absolute uncertainty of ϳ0.5 cm Ϫ1 in the excitation energy. Both lasers were temporally and spatially overlapped with each other in the moleculelaser interaction region.
III. RESULTS AND DISCUSSIONS
A. Overall TOF mass spectrum Figure 1͑a͒ shows the TOF mass spectrum obtained with the ionization laser only, by fixing the wavelength at ϭ360.55 nm and maintaining the pulse energy at ϳ3 mJ. The ͓3ϩ1͔ REMPI of N 2 O in this wavelength region had been studied in detail by Szarka et al. 24 and Scheper et al. 25 The wavelength of 360.55 nm used in this study corresponds to a single transition band in the ͓3ϩ1͔ REMPI spectrum, which can be expressed as,
It can been seen clearly in the mass spectrum that N 2 O ϩ ions are the predominant products formed by ͓3ϩ1͔ REMPI at this wavelength, and the amount of NO ϩ fragment ions are less than 0.1% of the N 2 O ϩ ions. As stated by Szarka et al., 24 NO ϩ ions in the REMPI experiment come from the subsequent nonresonant two-photon ionization of neutral NO from the dissociation of N 2 O (3p 1 ⌸). This means we could achieve soft ionization to prepare pure N 2 O ϩ ions. Scheper et al. 25 showed in their REMPI-photoelectron study that the N 2 O ϩ ions produced via ͓3ϩ1͔ REMPI at 360.55 nm are populated totally at the vibrationless electronic ground state, i.e., X 2 ⌸ 1/2 (000) and X 2 ⌸ 3/2 (000). Despite the mechanism in detail, we could certainly prepare exclusive and state-selective N 2 O ϩ ions in the X 2 ⌸(000) state with minimum fragment NO ϩ by using a lens with middle focus length and optimizing the pulse energy of ionization laser at ϳ3 mJ.
By introducing another laser to excite the prepared N 2 O ϩ ions, a PHOFEX spectrum of N 2 O ϩ could be obtained. As shown in Fig. 1͑b͒ , only with the excitation laser no ion signal could be observed by carefully controlling the laser intensity. However, with combination of the ionization and excitation lasers, a remarkable NO ϩ signal was observed in Fig. 1͑c͒ . In the entire excitation wavelength region, NO ϩ ions are the dominant fragments. As indicated by Szarka et al., 24 it is possible that the NO ϩ could come from ionization of the N 2 O(3p 1 ⌸) dissociation product, by subsequently absorbing two photons of the excitation laser. We excluded this possibility and confirmed that the NO ϩ ions are generated completely from the excitation of parent N 2 O ϩ ions, by varying the temporal delay and the spatial overlap of the two lasers. In the wavelength range of the excitation laser employed in present work, N 2 O ϩ ions at the X 2 ⌸(000) state could be excited to the A 2 ⌺ ϩ state through one-photon absorption. The power dependence of NO ϩ signal on the intensity of excitation laser was measured, and the power dependence index was found around 0. ϩ ions by the excitation laser. The pulse energies of the ionization laser and dissociation laser were optimized and maintained at ϳ3 and ϳ1 mJ, respectively.
NO
ϩ signal in Fig. 1͑c͒ should be the dissociation product of N 2 O ϩ at the A 2 ⌺ ϩ state. A scan of the excitation laser while monitoring the NO ϩ signal intensity could enable us to obtain a photofragment excitation ͑PHOFEX͒ spectrum, and then the spectroscopic information about the A 2 ⌺ ϩ state could be derived from the spectrum. Figure 2 shows the NO ϩ PHOFEX spectrum in the wavelength range of 278 -328 nm which has been corrected for the variation of excitation laser intensity. Due to the different experimental technique employed in this work, the present spectrum reveals many new vibronic features, which were not observed in all previous studies regarding the A 2 ⌺ ϩ state of N 2 O ϩ , and thus should make our spectral analysis more reliable and provide more detailed spectroscopic information about the A 2 ⌺ ϩ state. , respectively, as determined from the fluorescence emission study, 3 FIBLAS studies, [11] [12] [13] [14] [15] [16] and photoelectron measurements. 18 Based upon the known vibrational frequencies of N 2 O ϩ (A 2 ⌺ ϩ ) and several observed A 2 ⌺ ϩ →X 2 ⌸(000) vibronic transitions in emission studies, tentative assignments were performed to the PHOFEX spectrum. It was found that except for a few peaks in the low excitation energy region in Fig. 2 In fact, since the vibrational frequencies of N 2 O ϩ (A 2 ⌺ ϩ ) have the approximate relations 3 ϳ2 1 ϳ4 2 , Fermi-resonance interaction is expected to occur between the (V 1 ,V 2 l ,V 3 ) and (V 1 Ϫ1,(V 2 ϩ2) l ,V 3 ), or (V 1 ,V 2 l ,V 3 ) and (V 1 ϩ2,V 2 l ,V 3 Ϫ1) vibrational levels, where V 1 , V 2 , V 3 , and l represent the vibrational quantum numbers of 1 , 2 , and 3 modes and the vibrational angular momentum, respectively. Therefore, the Fermi interaction makes zero-order vibrational eigenstates mixed with each other, and it is unfeasible to perform the spectral assignment in normal way, especially for transitions to high vibrational levels. As stated by Bernath et al., 26 such a coupled cluster of zero-order vibrational levels can be represented by a polyad quantum number P, which is defined as Pϭ2V 1 ϩV 2 ϩ4V 3 in present case. Then, only vibrational levels with the same P and l interact with each other. Since the zero-order levels in a polyad mix with each other by Fermi interaction, using expression (V 1 ,V 2 ,V 3 ) to label the vibrational level will lose its meaning, we therefore refer to the eigenstates as ͓ P,i͔, where i represents the energy ordering number within the polyad increasing with the energy.
B. Analysis of the PHOFEX spectrum
Due to the Fermi interaction in the A 2 ⌺ ϩ state, the vibrational energy term values have to be obtained by diagonalizing an effective Hamiltonian matrix, rather than by a simple Dunham expansion. If inter-polyad interactions are ignored, the effective Hamiltonian matrix is block diagonalized for each polyad quantum number P. The diagonal matrix element, i.e., the zero-order unperturbed vibrational energy, can be expressed by a Dunham expansion as
where Ĥ eff refers to the effective Hamilton, i j and d i are the anharmonic constant and the degeneracy of vibrational mode, respectively. Since in this experiment only vibrational levels of A 2 ⌺ ϩ state with lϭ0 ͑for even P͒ or lϭ1 ͑for odd P͒ can be observed via excitation from the X 2 ⌸(000) state, we may omit the small contribution of lϭ1 to the vibrational energy in Eq. ͑2͒. The off-diagonal matrix elements for each block are
where K 122 and K 113 represent the constants of Fermiresonance interactions between 1 , 2 modes and 1 , 3 modes, respectively. Here, we also ignore the higher order Fermi interactions, such as interactions between the (V 1 ,V 2 ,V 3 ) and (V 1 Ϫ2,V 2 ϩ4,V 3 ) levels, (V 1 ,V 2 ,V 3 ) and (V 1 ,V 2 ϩ4,V 3 Ϫ1) levels. Note that within the excitation energy range in this experiment, the 3 mode of the A 2 ⌺ ϩ state can only be excited as high as V 3 ϭ3, the number of vibrational levels involving 3 mode are relatively less than those involving 1 and 2 modes, therefore, we also neglect the interaction between 1 and 3 modes, i.e., fix K 113 ϭ0. By diagonalizing the effective Hamilton matrix and fitting the identified transition peaks with a least-square procedure, the PHOFEX spectrum were assigned completely as the A 2 ⌺ ϩ ͓ P,i͔←X 2 ⌸ 3/2,1/2 (000) vibronic transitions, i.e., from the two spin-orbit sub-states of X 2 ⌸(000) to the ͓ P,i͔ Fig. 2 . The assignment reconfirms that the initial states of the N 2 O ϩ ions prepared through ͓3ϩ1͔ REMPI at 360.55 nm are the vibrationless ground levels in the X 2 ⌸ 3/2 and X 2 ⌸ 1/2 substates, which is consistent to the previous photoelectron study by Scheper et al. 25 The assignments for the A 2 ⌺ ϩ ͓P,i͔←X 2 ⌸ 3/2,1/2 (000) vibronic bands of N 2 O ϩ resolved in Fig. 2 are summarized in Table I . For comparison, also listed in Table I are the observed peak positions in laser-induced photofragment study by 17 which is the only laser excitation experiment in the present energy range. Totally 47 vibronic bands related to 24 vibrational levels of the A 2 ⌺ ϩ state were identified in the present work, most of which were observed for the first time. The polyad number P for the observed vibrational levels of A 2 ⌺ ϩ state ranges from 4 to 12. As can be seen in Fig. 2 , the excitations of vibrational levels with odd P, i.e., zero-order levels with odd V 2 , are observed. To the first-order approximation, the vibrational excitation of an odd quantum of V 2 is forbidden in the linear A 2 ⌺ ϩ ←X 2 ⌸(000) electronic transition. Such type of forbidden vibronic transitions with ⌬V 2 ϭϮ1 were also observed by Dehmer et al. 20 and Chen et al. 18 in their photoelectron studies and by Aarts and Callomon 4 in their fluorescence emission study, and was interpreted as vibronic interaction between the A 2 ⌺ ϩ and X 2 ⌸ states. 20 This inter- Table II that these ͓ P,i͔ levels consist of only one zero-order vibrational levels. However, for the newly observed ͓ P,i͔ levels in this work, it is clearly seen that there exists a strong coupling between the 1 and 2 modes. Even though the Fermi interaction in the electronic ground X 2 ⌸ state have been extensively investigated in previous works, [3] [4] [5] 16, 20 there has been no report in the literature about the Fermi interaction in the excited A 2 ⌺ ϩ state. With the global fit to the observed vibronic bands, the spectral constants of the A 2 ⌺ ϩ state were determined and the results are listed in Table III . The Fermi-interaction constant K 122 was determined, for the first time, to be 21.6Ϯ1.5 cm
Ϫ1
. The calculated vibrational term values of the A 2 ⌺ ϩ state using these determined constants are listed in Table II . As seen in Table II , the differences between the calculated and observed values are less than 6 cm Ϫ1 , which should be acceptable for the vibrationally resolved spectrum. The spectral constants reported in literatures are also listed in Table  III . Since in previous studies the anharmonic effect as well as the Fermi-resonance interaction were not considered due to the insufficient number of spectral data of the A 2 ⌺ ϩ state, our determined vibrational frequencies are certainly different from those in literatures, especially the value of 2 . Furthermore, since many vibronic bands were identified in our PHOFEX spectrum, our spectral assignment should be more reliable, and the determined vibrational frequencies, the anharmonic constants and the Fermi-interaction constant should be in turn more precise.
IV. CONCLUSION
The spectroscopic studies of the A 2 ⌺ ϩ state of N 2 O ϩ ions were reported in present work. Pure parent ions of N 2 O ϩ at the X 2 ⌸ 3/2,1/2 (000) level, were prepared by ͓3ϩ1͔ REMPI of neutral N 2 O molecules at 360.55 nm, and were excited to various vibrational levels of the A 2 ⌺ ϩ state by a tunable laser. The PHOFEX spectrum in the wavelength range of 278 -328 nm was attributed completely to the A 2 ⌺ ϩ ←X 2 ⌸ electronic transition of N 2 O ϩ , in which most vibronic bands were observed for the first time. By considering the Fermi resonance between the 1 and 2 modes, the spectrum was assigned, and the spectral constants of the A 2 ⌺ ϩ state, such as vibrational frequencies, anharmonic constants and Fermi interaction constant, were obtained with relatively high reliability and precision.
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